Background: Initial combination therapy with ambrisentan and tadalafil reduced the risk of clinical failure events for treatment-naïve participants with pulmonary arterial hypertension (PAH) as compared to monotherapy. Previous studies in PAH have demonstrated greater treatment benefits in more symptomatic participants. Methods: AMBITION was an event-driven, double-blind study in which participants were randomized 2:1:1 to oncedaily initial combination therapy with ambrisentan 10 mg plus tadalafil 40 mg, ambrisentan 10 mg plus placebo, or tadalafil 40 mg plus placebo. In this pre-specified subgroup analysis, we compared the efficacy data between those with functional class (FC) II vs. FC III symptoms at baseline. Results: This analysis included 500 participants in the previously defined primary analysis set (n = 155 FC II, n = 345 FC III). Comparing combination therapy to pooled monotherapy, the risk of clinical failure events was reduced by 79% (hazard ratio, 0.21 [95% confidence interval: 0.071, 0.63]) for FC II patients and 42% (hazard ratio, 0.58 [95% confidence interval: 0.39, 0.86]) for FC III patients. In a post-hoc analysis, the risk of first hospitalization for worsening PAH was also reduced by combination therapy, particularly for FC II patients (0 combination vs. 11 [14%] pooled monotherapy). Adverse events were frequent but comparable between the subgroups. Conclusions: Treatment benefit from initial combination therapy appeared at least as great for FC II as for FC III participants. Hospitalizations for worsening PAH were not observed in FC II participants assigned to combination. The present data support an initial combination strategy for newly diagnosed patients even when symptoms are less severe.
Background
Pulmonary arterial hypertension (PAH) is a progressive disease of the pulmonary vasculature characterized by vasoconstriction, vascular inflammation and fibrosis, and in situ thrombosis [1] . The etiology is poorly understood, and many patients progress to right ventricular failure and death despite current therapy [2] . Parenteral prostacyclin analogues are uniformly recommended to treat patients with high-risk manifestations, but the optimal use of oral therapies in low-or intermediate-risk patients remains an important area of research [3] . Sequential combination therapy delayed clinical worsening in the registration trials for macitentan [4] , riociguat [5] , and selexipag [6] . In each of these studies, participants with FC III symptoms drove the primary treatment effect.
The AMBITION study demonstrated a 50% reduction in the risk of clinical failure for treatment naïve PAH participants who began initial combination therapy (ambrisentan and tadalafil) as compared to those assigned monotherapy [7] . The benefit of initial combination therapy was primarily attributable to a reduction in PAH-related hospitalizations. The present paper describes a prespecified subgroup analysis which planned to evaluate the primary outcome in participants with FC II symptoms as compared to those with more advanced FC III symptoms. Based on previous studies, we hypothesized that the statistically and clinically relevant benefits of initial combination therapy would be largely attributable to those with FC III symptoms at baseline.
Methods

Participants and treatments
Details of the study have been reported previously [7] . Each enrolling site had institutional review before consenting participants, and each participant provided written informed consent before study procedures. Briefly, participants were treatment-naïve and symptomatic patients with idiopathic or heritable PAH; or PAH associated with connective tissue disease, drugs or toxins, stable HIV infection, or congenital heart defects repaired > 1 year prior to screening. Following initial enrollment of~150 patients, a blinded review of demographic data revealed a greater than anticipated prevalence of risk factors for left ventricular diastolic dysfunction. Protocol amendment 2 therefore restricted enrollment to participants with no more than 2 risk factors for left ventricular diastolic dysfunction. This amendment also specified a more rigorous hemodynamic definition for participants with pulmonary capillary wedge pressures between 13 and 15 mmHg. Participants meeting amendment 2 criteria have been referred to as the primary analysis set (PAS, n = 500), and they are the focus of this analysis.
This event-driven study required 105 events in the PAS for~97% power to detect a 53% reduction in hazard rate between combination therapy and pooled monotherapy. The primary endpoint was time to first clinical failure event (TtCF). The components of TtCF are provided in Table 1 ; a blinded, independent committee adjudicated all components (and all hospitalizations through the end of study.) Randomization was 2:1:1 to combination therapy or monotherapy (ambrisentan or tadalafil monotherapy), stratified by underlying etiology of PAH and baseline FC. The study was conducted in accordance with the Declaration of Helsinki and its amendments (ClinicalTrials.gov number, NCT01178073). The protocol was approved by the institutional review board at each enrolling center (Additional file 1).
Statistical analysis
Analyses are presented by baseline FC and include prespecified analyses on TtCF, 6-min walk distance, and satisfactory clinical response (other analyses were post-hoc following the initial observations). The Kaplan-Meier product limit method was used to generate survival curves for TtCF and time to first hospitalization for worsening PAH; treatment groups were compared using the stratified log-rank test. Cox proportional-hazards regression models were used to calculate the hazard ratios and 95% confidence intervals. As typical for similar analyses, the alpha level for the interaction between primary outcome and subgroup was set a priori at 0.1. Detailed statistical methods and imputation strategies are presented in the Additional file 1.
Results
Participants
Patient disposition is shown in Fig. 1 . FC II participants were equally distributed in each treatment group (Table 2) by design. Participants with FC III symptoms tended to be older, and there were more participants with CTD-associated PAH in FC III as compared to FC II (in all treatment groups). More males with FC II symptoms were randomized to combination therapy; otherwise treatment assignments were balanced. Baseline 6MWD and NT-proBNP levels were similar among the FC II treatment groups and noticeably different from the FC III participants, consistent with the investigator assigned FC (Fig. 2) . Importantly, despite having mild functional limitations, median 6MWD and NT-proBNP [3] . Table 2 also illustrates that pulmonary vascular resistance tended to be higher in those assessed as FC III although the differences were not as prominent as for 6MWD and NT-proBNP.
Primary endpoint
The Kaplan-Meier representation of TtCF comparing combination therapy vs. pooled monotherapy for the subgroups with FC II or III symptoms at baseline is shown in Fig. 3a and b respectively. Figure 3a illustrates the few events in the combination therapy group. The Forest plot of TtCF (Fig. 4) demonstrates that, compared to the results from pooled monotherapy, there is a 50% risk reduction in events for the entire PAS. While participants assigned to initial combination therapy had lower aggregate risk compared to monotherapy, a significantly greater reduction in the risk of clinical events was observed for the FC II cohort (hazard ratio 0.21 [95% CI: 0.07, 0.63]) as compared to the cohort with FC III symptoms (hazard ratio 0.58 [95% CI: 0.39, 0.86]). The statistical analysis for this subgroup interaction suggested that the reduction in clinical failure events with initial combination therapy was more likely in FC II participants than FC III participants (p = 0.084, values < 0.1 generally considered significant for this interaction). Table 3 shows the number of participants experiencing each type of first clinical failure event. PAH-related hospitalizations as a first TtCF event were less likely for participants assigned to initial combination therapy in FC II and FC III participants. In the FC III combination therapy group, 10 (6%) patients had initial PAH-related hospitalizations as their TtCF event as compared to 22 (13%) in the pooled monotherapy group. There were no hospitalizations for PAH as an initial event in FC II participants in the combination therapy group compared to 8 (10%) with hospitalizations for PAH in the monotherapy group.
Additional PAH-related hospitalizations occurred after the first clinical failure event. Post-hoc analyses demonstrated that among FC III participants randomized to combination therapy, 19 (11%) had a PAH-related hospitalization over the course of the study compared to 33 (20%) of those in the pooled monotherapy group (Table 3 ). In contrast, among the FC II participants randomized to combination therapy, there were no PAH-related hospitalizations during the study compared to 11 (14%) in those with FC II symptoms assigned to monotherapy. At baseline, those 11 participants with FC II symptoms had modestly higher NT-pro BNP levels and lower 6MWD, but the distribution of disease severity appeared similar to the entire FC II group (see Additional file 1).
Secondary endpoints
Participants with FC III symptoms assigned to combination therapy enjoyed a larger treatment effect in 6MWD at Week 24 as compared to pooled monotherapy (Fig. 5a , 52 m vs. 22 m median increase; p < 0.001). The difference between treatment groups for improvement in walk was not significant for those with baseline FC II symptoms (40 m vs. 32 m median increase, p = 0.366).
Fifty-three percent (53%) of FC II participants randomized to combination therapy demonstrated a satisfactory clinical response (defined as a ≥ 10% improvement in 6MWD over baseline, FC I or II symptoms at Week 24, and no event of clinical worsening through week 24), compared to 43% of the pooled monotherapy group (p = 0.243). Among FC III participants, corresponding response rates were 33 and 23%, respectively (p = 0.044).
A post-hoc analysis demonstrated that NT-proBNP levels dropped from baseline to Week 24 in both FC II and III participants (Fig. 5b) . NT-proBNP fell more among FC III participants randomized to combination therapy vs. pooled monotherapy (geometric mean ratio expressed as difference, − 43% [95% CI: − 54, − 29], p < 0.001). Reductions in NT-proBNP for FC II participants were comparable between the two treatment groups (p = 0.380).
Safety
In both functional classes, adverse events were generally more frequent in the combination therapy vs. monotherapy groups for the events listed in Table 4 . For the common events of headache, nasal congestion, and nasopharyngitis, less symptomatic FC II participants reported more of these events than FC III participants when assigned to combination therapy. Edema was more often reported for participants randomized to combination (45%) than monotherapy (28-33%), but this did not vary between the functional classes. Therapy discontinuations for adverse events were unusual but more common in those with FC III symptoms; discontinuations did not differ between treatment assignments. Seven FC II patients (9%) on combination therapy and 8 FC II patients (10%) on monotherapy discontinued treatment due to adverse events compared to 29 FC III patients (16%) on combination therapy and 34 FC III patients (20%) on monotherapy.
Discussion
Initial combination therapy with ambrisentan and tadalafil reduced the risk of clinical events by 50% as compared to those assigned monotherapy, an effect driven by a substantial reduction in hospitalizations. Previous studies have generally found the largest treatment effects in participants with more advanced symptoms at enrollment, and we anticipated similar results. Instead, for the primary endpoint of clinical worsening, the benefit favoring initial combination therapy was numerically larger for participants with FC II symptoms at baseline. There were no PAH-related hospitalizations in FC II participants assigned to combination therapy. This is the first controlled study of initial combination therapy in PAH, and our hypotheses were driven by older trials of monotherapy and more recent studies of sequential combination therapy. Benefits in exercise tolerance tended to be greater for participants with more advanced symptoms in the registration trials for subcutaneous treprostinil [8] and sildenafil [9] . In recent sequential combination therapy studies for riociguat [5] and macitentan [4] , exercise tolerance benefits were similarly muted in FC II participants as compared to those in FC III. .
In the present study, while the overall hospitalization and TtCF event rates were lower in the FC II vs. FC III subgroups, the treatment impact of combination therapy in the FC II participants was numerically greater as compared to those with FC III symptoms (Fig. 4) . Moreover, over a median treatment exposure of 76 weeks, there were no PAH-related hospitalizations (nor initiation of parenteral prostacyclin) in the FC II combination therapy cohort compared to 11 PAH-related hospitalizations (14%) in the FC II monotherapy cohort (median exposure 69 weeks in pooled monotherapy). Importantly, this analysis of AMBITION argues that despite having FC II symptoms, treatment naïve patients are still at risk for events including costly hospitalization. Many of the FC II participants had intermediate or high-risk elevations in NT-pro-BNP, emphasizing the importance of a multifaceted risk evaluation as recently recommended [10, 11] . One caution: this is the primary analysis set of the AMBITION data, excluding those with excess morbidities which suggest left heart disease. The results might not apply to a group with comorbidities typical of an older Western population.
Even considering a multi-modal risk-assessment strategy [12, 13] , the 11 FC II participants who had PAH-related hospitalizations on monotherapy did not appear to be the 'sickest' of the FC II participants (see details in Additional file 1). This observation suggests that predicting hospitalization among FC II patients is difficult and 
PAH Hospitalization 0 10 (6) 8 (10) 22 (13) 5 (13) 13 (15) 3 (7) 9 (11) Disease Progression 0 10 (6) 5 (6) 11 (7) 3 (8) 9 (10) 2 (5) 2 (3) ULTCR 1 (1) 16 (9) 3 (4) 20 (12) 1 (3) 10 (11) 2 (5) 10 (13) Hazard ratio (95% CI) combination vs. supports the use of initial combination therapy to decrease the risk of hospitalization. Using the REVEAL score to perform a baseline risk stratification, we have recently reported that initial combination therapy reduces events even in those at lowest baseline risk; in fact, similar to the present results, low REVEAL risk participants had zero events when assigned to combination therapy (as compared to 16% of low risk participants assigned to monotherapy) [10] . The present analysis demonstrates that this is true for all PAH related hospitalizations, not just those occurring as the first clinical failure event. This analysis stands in contrast to the other two positive, event-driven studies recently completed. The majority of the participants in the studies for macitentan [4] and selexipag [6] were on background therapy at study entry. The point estimate of the treatment effect (risk reduction for clinical events) was similar in the FC II vs. FC III/IV participants for both studies, but the statistical significance of the treatment effect was driven by the FC III/IV participants. The data in Fig. 4 suggest a numerically greater treatment effect for FC II participants in AM-BITION, and the statistical analysis for this subgroup interaction suggests that indeed FC II participants had greater benefit. Obviously, GRIPHON and SERA-PHIN are very different in design from the present one which focused on treatment-naïve individuals, and even given the different designs, a subset analysis of the GRIPHON data did suggest benefit for FC II participants already on two therapies [14] . One speculative explanation for our data is that treatment naïve patients with FC II symptoms present a unique opportunity to change the disease trajectory if initially treated with an endothelin receptor antagonist (ambrisentan) and a phosphodiesterase inhibitor (tadalafil).
Similar to previously published data (and in contrast with the primary endpoint data), improvements in walk distance and reductions in NT-proBNP for combination therapy vs. monotherapy were muted for patients with FC II symptoms as compared to those in FC III. This is entirely compatible with results from SERAPHIN and is probably easiest understood in terms of the quantitative aspects of analyzing continuous variables. Baseline 6MWD was lower and baseline NT-proBNP values were higher for those in FC III as expected, and the number of participants in FC II was less than half that in FC III. These factors reduced the likelihood of finding a statistically significant difference for functional parameters within FC II participants, although the 6MWD did improve by 40 m in the combination therapy group (for context, a cohort of FC II participants treated with bosentan had an 11 m improvement [15] ). There was an absolute 10% increase in the number of participants who achieved a 'satisfactory clinical response' for FC II participants treated with combination ambrisentan and tadalafil (vs. pooled monotherapy), and this was identical to the absolute 10% increase in FC III participants with combination therapy. CTD-PAH participants were more likely to be FC III as opposed to FC II but this difference was parallel in combination and pooled monotherapy assigned participants.
Nearly all participants reported some adverse effect, but for the most frequently reported adverse events, FC Non-cardiac chest pain 11 (14) 16 (9) 2 (5) 8 (9) 2 (5) 6 (8) Vomiting 11 (14) 17 (10) 3 (8) 8 (9) 3 (7) II participants assigned to combination therapy reported more events than those in FC III. This observation, however, did not translate into a greater rate of drug discontinuation, which was in fact higher among FC III participants. Presumably, participants who were less symptomatic from PAH were more likely to report headache and nasopharyngeal congestion but ultimately acclimated in the context of clinical and functional benefit. Edema, while more common in those assigned to combination therapy, was equally prevalent in the two functional classes and rarely a cause for drug discontinuation.
Conclusions
In summary, initial combination therapy with ambrisentan and tadalafil reduced clinical failure events, principally PAH-related hospitalizations, among those with FC II symptoms at baseline. FC III participants assigned to combination therapy also had fewer clinical failure events, including PAH-related hospitalization; however, in contrast to previously published data, the magnitude of risk reduction for the primary outcome was numerically greater in those with FC II symptoms at enrollment. Because the combination was well tolerated and safe, this data supports recently amended treatment guidelines suggesting initial combination therapy, particularly for patients with FC II symptoms. Clinicians should find this data valuable in their treatment of newly diagnosed patients with PAH even when symptoms are relatively mild.
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